Background. Increased intestinal permeability may be one of the mechanisms of transmission of human immunodeficiency virus (HIV) to infants through breast-feeding. Intestinal permeability correlates with microbial translocation, which can be measured through quantification of bacterial lipopolysaccharide (LPS).
The majority of breast-fed infants of mothers infected with human immunodeficiency virus type 1 (HIV) remain uninfected despite ingesting liters of HIVcontaining breast milk over several months [1] . The mechanisms of protection from infection and transmission are incompletely understood. In particular, much remains to be learned about the role of mucosal barriers and the innate and adaptive immune responses that defend infants against mucosal HIV transmission. Increased intestinal permeability may be one of the mechanisms facilitating HIV transmission through breastfeeding. In young infants, as the intestinal barrier matures, the tight junctions between enterocytes close and intestinal permeability decreases [2] . Gastrointestinal infections and malnutrition disrupt this maturational process and increase intestinal permeability, as does artificial (ie, formula) feeding [3] . This mechanism may account for the higher risk of HIV infection with mixed feeding, compared with exclusive breast-feeding [4] . A study showed that African infants displayed increasing intestinal permeability after 3 months of life, contrary to European infants, and by 12 months of life intestinal permeability was 5 times as high in African infants, compared with European infants [5] . Traditionally, assays to evaluate intestinal permeability have been based on differential absorption of carbohydrates (such as the lactulose-mannitol assay) [3, 5] . Such assays are cumbersome and time intensive, particularly for infants.
The intestinal epithelium acts as a barrier to luminal contents, including bacteria and endotoxins. Injuries to the intestinal barrier result in bacterial or endotoxin translocation from the intestinal lumen to the systemic circulation through the intestinal mucosa, in the absence of overt bacteremia [6] . This process is termed microbial translocation, and it can be quantified by measuring plasma levels of lipopolysaccharide (LPS), an endotoxin and component of gram-negative bacteria [6] [7] [8] . Intestinal permeability, measured by the lactulose-mannitol test, and systemic endotoxemia, measured by detection of LPS by the Limulus amebocyte lysate assay, showed a significant positive correlation in one study [6] . Elevated plasma LPS levels are indicative of disrupted intestinal mucosal integrity and can occur after invasive gastrointestinal surgery, in graft-versushost disease, and in inflammatory bowel disease, as well as in HIV infection [6, [9] [10] [11] . LPS is a potent stimulator of macrophages, monocytes, and neutrophils and causes release of cytokines that are inflammatory mediators [11, 12] .
We postulated that microbial translocation through the gut, a marker of disrupted intestinal mucosal integrity, may correlate with increased risk of acquisition of HIV infection through breast-feeding. We tested this hypothesis with samples from the Breastfeeding, Antiretrovirals, and Nutrition (BAN) study, a large prospectively followed cohort of breast-fed infants born to HIV-infected mothers. We studied plasma LPS levels and cellular and soluble markers of immune activation at various times during infants' first year of life to determine the dynamics of microbial translocation through the gut and examine its relationship with feeding pattern (ie, breast-feeding vs weaned status), receipt of antibiotic prophylaxis, and infants' nutritional status; to explore the correlation of microbial translocation with cellular and soluble markers of immune activation; and to determine the role of microbial translocation in acquisition of HIV infection through breast-feeding.
METHODS

BAN Study Design and Subjects
All infants were enrolled in the BAN randomized, controlled trial, which has been described elsewhere [13] . Briefly, pregnant HIV-infected women with CD4 + T cell counts >250 cells/μL (≥200 cells/μL before 24 July 2006; the change accords with Malawi Ministry of Health guidelines) were enrolled and followed in Lilongwe, Malawi, from April 2004 to January 2010. All women provided written informed consent. The study protocol was approved by the Malawi National Health Science Research Committee and by institutional review boards at the University of North Carolina and the Centers for Disease Control and Prevention.
Mother-infant pairs were randomly assigned within 1 week of birth to a 2-group maternal nutritional intervention and to a 3-group antiretroviral intervention consisting of a triple-drug antiretroviral regimen for mothers (n = 849), daily nevirapine for infants (n = 852), or neither (control arm; n = 668). Irrespective of antiretroviral treatment assignment, all mothers in labor and their newborns were given a single dose of nevirapine and a 7-day course of zidovudine and lamivudine. The interventions began after delivery and were continued until breastfeeding cessation but for no longer than 28 weeks. Infants found to be HIV infected within the first 2 weeks of life were disenrolled from the study and referred for care. All mothers were counseled to breast-feed exclusively for the first 24 weeks of life, followed by a 4-week weaning period; a locally produced ready-to-use therapeutic food was provided as a weaning supplement [13] . Self-reported compliance with study feeding counseling was high-95% of mothers were breast-feeding at 24 weeks (88% were practicing exclusive breast-feeding)-but infants for >90% had been weaned by 28 weeks [14] .
Infants were tested for HIV infection at birth and at 2, 12, 28, and 48 weeks of age with the Roche Amplicor 1.5 DNA polymerase chain reaction assay. HIV-infected infants were referred for care.
In accordance with the Malawi Ministry of Health and World Health Organization (WHO) guidelines, cotrimoxazole prophylaxis (240 mg once daily from 6 to 36 weeks of age or until weaning and HIV infection was ruled out) was initiated in infants in the BAN study in June 2006 [13] . Infant weight was measured at 0, 24, 28, 32, 36, 42, and 48 weeks of age, using Tanita digital infant scales (0.1-g increments), which were calibrated daily using a standard 1-kg weight. Recumbent length was measured using length boards made to UNICEF (United Nations Children's Fund) specifications (0.1-cm increments). Length-for-age and weight-for-age z scores were calculated using the WHO growth standards [15] .
Infants were selected for the current analysis on the basis of the availability of serial samples of peripheral blood mononuclear cells (PBMCs) and plasma. The analysis included the 39 infants (19 males and 20 females) from the control arm who remained HIV uninfected and had available samples at 4 (n = 18) or 5 (n = 21) of the desired time points (birth, 12, 24, 36, and 48 weeks of age). The study also included a random sample of 30 infants (14 males and 16 females) who were determined to be infected perinatally (defined on the basis of a positive HIV DNA polymerase chain reaction test result within first 2 weeks of life); all 30 were from the group of 41 infants with available plasma and PBMCs at delivery. Twenty-six of the 30 perinatally infected infants received a diagnosis during the first 2 days of life and were thus considered to have acquired HIV in utero [16] . These infants provided samples only at the time of birth. In addition, 25 (17 males and 8 females) of the 93 BAN study infants who became HIV infected during breast-feeding (ie, after 2 weeks of life) and had plasma and PBMC specimens from at least 2 of the prespecified time points before infection and 1 time point after infection were included; 16 of these acquired HIV infection in the first 6 months of life, and 9 acquired infection in the second 6 months of life. These infants were from all BAN study arms. For time points before HIV was detected, these infants were considered HIV uninfected in the analyses. The median time of mother-reported weaning for infants who were HIV uninfected at 28 weeks of age was 24.6 weeks (interquartile range, 24.0-28.0 weeks). Almost all infants who were HIV infected by 28 weeks continued to breast-feed until the end of study follow-up, in accordance with current recommendations.
Cellular Markers
Lymphocyte immunophenotyping was performed as described elsewhere [17] . Briefly, cryopreserved PBMCs were quickly thawed, washed twice with complete medium (ie, Roswell Park Memorial Institute 1640 medium, 10% fetal bovine serum, penicillin/streptomycin, and L-glutamine), and resuspended at 5 × 10 6 /mL in FACS buffer ( phosphate-buffered saline containing 2% bovine serum albumin and 0.1% NaN 3 ). An amount of 100 μL was stained at room temperature for 20 minutes and then washed with FACS buffer before fixing in 300 μL of 1% paraformaldehyde. The panel of markers used included the following: T-lymphocyte markers (CD3, CD4, and CD8), activation markers (CD38 and HLA-DR), and 7-AAD (for dead cell exclusion). All monoclonal antibodies used were from BD Biosciences (San Jose, CA). Acquisition of data and cell subset analysis were performed with FACSCalibur (BD Biosciences), using FlowJo software (Tree star).
Soluble Markers
Plasma LPS levels were quantified by the Limulus amebocyte lysate assay QCL-1000, according to the manufacturer's protocol (Cambrex Bioscience, Walkersville, MD). Briefly, samples were diluted 1:10 with endotoxin-free water, heat-inactivated at 65°C for 10 minutes, vigorously mixed, and tested in 96-well microplates according to the manufacturer's instructions. The optical densities (ODs) were converted into enzyme units (EU) per milliliter on the basis of a standard curve.
Plasma concentrations of soluble CD14 (sCD14; R&D Systems, Minneapolis, MN) and soluble L-selectin (sL-selectin; R&D Systems, Minneapolis, MN) were tested in duplicate by enzyme-linked immunosorbent assay per the manufacturer's specifications. The lower detection limits for LPS, sCD14, and sL-selectin were 0.1 EU/mL, 125 pg/mL, and 300 pg/mL, respectively.
Statistical Analysis
Results are reported as median values (interquartile ranges). Analysis of variance was determined using the Mann-Whitney U test. Spearman correlations (r and P values) were calculated to determine the relationships between plasma LPS levels, sCD14 levels, sL-selectin levels, and cellular activation markers. Linear mixed-effects models with an autoregressive covariance structure were used to evaluate the effect of infant age and HIV status on plasma levels of LPS and cellular and soluble markers and the effect of cotrimoxazole prophylaxis on plasma LPS levels, after adjustment for maternal CD4 + T-cell count at baseline and infant birth weight. Trends in plasma levels of LPS and cellular and soluble immune activation markers over the first year of life were assessed using nonparametric smoothing splines. Linear mixed models adjusted for study arm, maternal CD4 + T-cell count, time, infant birth weight, sex, and HIV status were used to evaluate whether plasma levels of immune markers were associated with z scores of infant weight-for-age and length-for-age. The Cox proportional hazards model was used to determine whether plasma levels were associated with time to infant HIV infection, after control for study arm, maternal CD4 + T-cell count, and birth weight.
RESULTS
Microbial Translocation and Immune Activation Increase During the First Year of Life in Infants Infected With HIV and Those Exposed to and Uninfected With HIV
Plasma LPS, a marker of microbial translocation, was detectable in HIV-exposed but uninfected newborns, and levels remained stable until 24 weeks of age. Small increases in median plasma LPS levels were observed after the first 24 weeks of life in HIVuninfected infants, but levels seemed to stabilize between 36 and 48 weeks (Table 1 and Figure 1 ). Infants with HIV infection displayed higher LPS levels at the time of birth and relatively stable levels until 36 weeks, with a subsequent increase at 48 weeks of age ( Figure 1 ). Plasma levels of sCD14, a marker of monocyte/macrophage activation, significantly increased with age for both groups of infants (P < .001; Figure 2 ). Increasing trends in sCD14 levels were noted earlier than for LPS levels in both HIV-infected infants and uninfected infants (Table 1 and Figures 1 and 2) . Plasma levels of sL-selectin, a marker of lymphocyte activation, increased nonlinearly with age in both HIV-infected infants and uninfected infants (P < .001). The increase in sL-selectin level was most rapid very early in life, before weaning ( Figure 3) . Levels of CD4 + and CD8 + T-lymphocyte activation, measured by expression of the markers CD38 and HLA DR, also had a trend of increasing over the first year of life in both HIV-infected infants and uninfected infants (Table 1) .
HIV-Infected Infants Have Higher Levels of Microbial Translocation and Immune Activation Than Uninfected Infants
Overall, median plasma LPS levels were higher in HIV-infected infants, compared with uninfected infants (P = .004 from a longitudinal mixed model; data not shown; Figure 1 ). The differences were statistically significant even at birth: infants with HIV infection detected in the first 2 days of life had a median LPS level of 1.73 EU/mL, compared with 1.20 EU/mL in uninfected infants (P = .006). At 48 weeks of age, HIV-infected infants also had higher median plasma LPS levels, compared with uninfected infants (P = .04) ( Table 1) . Plasma levels of sCD14 were also elevated in HIV-infected infants, compared with uninfected infants (P = .002 from a longitudinal mixed model; data not shown; Figure 2 ). As with LPS, increased sCD14 levels in HIV-infected infants, compared with uninfected infants, were evident at birth (Table 1) .
In contrast, there was no significant difference in sL-selectin levels between HIV-infected infants and uninfected infants except at the time of birth (Table 1 and Figure 3 ). At birth, HIV-infected infants (most of whom had in utero-acquired infections) had higher levels of lymphocyte activation than HIV-uninfected infants.
Levels of CD4 + and CD8 + T lymphocyte immune activation were generally higher in HIV-infected infants, compared with uninfected infants (Table 1) . As expected, differences in activation levels between HIV-infected infants and uninfected infants were more pronounced for CD8 + T lymphocytes, rather than for CD4 + T lymphocytes, which are directly depleted by HIV (Table 1) .
Immune Activation Markers Show Poor Correlation With Microbial Translocation
Levels of LPS and sCD14 from birth to 48 weeks of age were modestly (but statistically significantly) correlated in uninfected infants (r = 0.33, P < .001) but not in HIV-infected infants (r = 0.21, P = .107). Plasma LPS levels were not significantly correlated with sL-selectin levels in either HIV-infected infants (r = 0.21) or uninfected infants (r = 0.08). LPS levels were modestly (but significantly) correlated with CD4 + T-lymphocyte immune activation in HIV-infected infants (r = 0.27, P = .04) but not in HIV-uninfected infants (r = 0.05, P = .47). There was no correlation between LPS and CD8 + T lymphocyte immune activation (r = 0.08 for HIVuninfected infants, and r = 0.02 for HIV-infected infants).
Microbial Translocation Is Associated With HIV Transmission Through Breast-feeding, Infant Cotrimoxazole Prophylaxis, and Less Infant Growth
The preinfection plasma LPS level was a significant predictor of infant HIV infection through breast-feeding (hazard ratio = 1.60 for every 1 unit increase in plasma LPS level; P = .01, adjusted for study arm, maternal CD4 + T-cell count, and birth weight).
Plasma levels of sCD14 or sL-selectin, on the other hand, were not significant predictors of infant HIV acquisition through breast-feeding. Receipt of cotrimoxazole prophylaxis by infants was a strong predictor of higher levels of plasma LPS (P = .004) and sCD14 (P < .001) in a linear regression model, after adjustment for maternal CD4 + T-cell count and infant birth weight.
This association remained after removing data collected after 36 weeks of age from the model, when cotrimoxazole prophylaxis was stopped for HIV-uninfected infants. Plasma LPS levels were inversely associated with infant weight-for-age (P = .191) and length-for-age (P = .002) z scores, after adjustment for study arm, time, birth weight, maternal CD4 + T-cell count, and infant sex and HIV status. Each 1.0-EU/mL increase in LPS was significantly associated with a 0.05 decrease in weight-for-age z score and a 0.17 decrease in length-for-age z score. This equates to average decreases of 0.02 kg and 0.31 cm at birth and 0.06 kg and 0.41 cm by 1 year of age per 1.0-EU/ mL increase in LPS level.
DISCUSSION
Our findings indicate that microbial translocation, as measured by plasma LPS levels, increased after the infants' first 6 months of life, which coincided with weaning from breast milk for HIV-uninfected infants in the study. Specifically, increases in plasma LPS levels were observed in the weeks that followed weaning (which occurred between 24 and 28 weeks of age), and levels seemed to stabilize by 48 weeks of life in uninfected infants. This pattern of postweaning increases in levels of microbial translocation temporally coincided with an increase in Figure 1 . Plasma bacterial lipopolysaccharide (LPS) levels, a marker of microbial translocation through the intestine, by infant age and human immunodeficiency virus (HIV) status at the particular BAN study visit. The median level at each study visit is indicated by a horizontal line, and the curves are estimated using nonparametric smoothing splines.
Intestinal Integrity and HIV Transmission via Breast-feeding • JID 2013:208 (15 August) • 657 episodes of diarrhea that was previously reported in weaned infants in the BAN study [14] . Previous studies indicated that microbial translocation can be detected in healthy infants and young children but decreases after 2 years of age in healthy children [18] . To our knowledge, the impact of breast-feeding and weaning on LPS levels has not been reported. Our finding suggests that breast-feeding protects against disruption of the intestinal mucosal barrier or that artificial or formula feeding may stimulate gut inflammation. Breast milk contains a multitude of factors, such as lactoferrin or transforming growth factor β, with growth-promoting properties for the gut that help maintain the integrity of the epithelial barrier and may thus prevent microbial translocation [2, 19] . Plasma LPS levels in infants in this study were lower, compared with levels in those from a study of formula-fed infants [12] . Presence of LPS in infant formula or in the water used to dilute formula has been postulated as a reason to account for the early detection of LPS in formula-fed infants [12] . Plasma LPS levels in our study were comparable with those found in HIV-uninfected adults and children from Africa [18] .
Compared with uninfected infants, HIV-infected infants had higher levels of microbial translocation at birth and at 48 weeks of life. Increased LPS levels have been observed in infants [12, 18] , adults [20] , and children [18, 21, 22] with HIV infection. This could be either the cause or the effect, or both, of HIV infection. It is now recognized that acute HIV infection causes depletion of mucosal lymphocytes, particularly subsets such as T-helper 17 cells in the gut, leading to disruption of the mucosal immune system and microbial translocation [23] . In young infants, the disruptions to the gut mucosa caused by HIV infection may be compounded by the physiologic immaturity of the gut [18, 24, 25] . However, the fact that most cases of HIV infection through breast-feeding in our study were predicted by prior increases in LPS, but not in immune activation markers, suggests a causal role of disrupted mucosal integrity in such transmission. A previous study did not find that increases in intestinal permeability measured by the lactulose-mannitol assay explained which infants became HIV-infected via breastfeeding [26] ; however, assessments were made only in the first 14 weeks of life, and there were only 3 infants with confirmed HIV infection via breast-feeding by 14 weeks in that study.
Differences in gut microbiota may also affect levels of microbial translocation. This is supported by our finding that use of antibiotic prophylaxis was a predictor of increased plasma LPS levels, suggesting that disruption in the infants' intestinal microflora, caused by the chronic administration of a broad-spectrum antibiotic, can lead to increased microbial translocation. Infant milk source and complementary foods are also known to affect Figure 2 . Plasma soluble CD14 levels, a marker of monocyte/macrophage activity, by infant age and human immunodeficiency virus (HIV) status at the particular BAN study visit. The median level at each study visit is indicated by a horizontal line, and the curves are estimated using nonparametric smoothing splines.
the composition of gut flora [27] . Taken together, the observations of increases in microbial translocation with chronic antibiotic prophylaxis and after weaning from breast milk suggest a model in which disruption of the microbiota leads to increased levels of mucosal injury and immune activation. To our knowledge, this finding has not been previously reported. The use of cotrimoxazole prophylaxis in HIV-infected infants and HIVexposed but uninfected infants has health benefits, as has been demonstrated in BAN and other studies [28] [29] [30] . Probiotics therapy or other approaches may need to be evaluated for their ability to reverse such adverse effects of antibiotics [31] .
Microbial translocation was also correlated with slower infant linear growth in our study. This finding, to our knowledge, has not been previously reported. However, it is consistent with previous reports of association of increased intestinal permeability with infant growth retardation in resource-limited settings [5, 32, 33] .
Microbial translocation is a force driving immune activation [9] . We found a modest correlation of plasma LPS levels with monocyte activity (measured by plasma sCD14 levels) in uninfected infants. However, LPS levels did not significantly correlate with lymphocyte activation (measured by expression of activation markers on CD4 + and CD8 + T lymphocytes and plasma levels of sL-selectin). Lack of correlation of LPS levels with lymphocyte activation markers has been reported in other studies, as well [12, 18, 22] . None of the immune activation markers was predictive of HIV transmission through breastfeeding, supporting the hypothesis that breeches in gut mucosa barrier are important for HIV transmission, rather than endotoxin-induced immune activation. Our study has some limitations. HIV-uninfected infants were weaned at 6 months of age; thus, we were unable to compare the dynamics of LPS levels with those in corresponding infants who continued to breast-feed throughout the first year of life. Also, we did not have a control group of infants who received formula from birth. Varying degrees of mixed feeding likely occurred in our study cohort. The relatively small sample size studied precluded evaluation of a direct correlation of microbial translocation with gastrointestinal morbidity. All infants in our study were born to HIV-infected mothers in a resource-limited setting with a high background of endemic diarrhea, which could affect the generalizability of the results.
In conclusion, our findings indicate that levels of microbial translocation in infancy appear to increase with weaning from breast milk and with chronic receipt of antibiotic prophylaxis. Microbial translocation correlated modestly with monocyte Figure 3 . Plasma soluble L-selectin levels, a marker of lymphocyte activation, by infant age and human immunodeficiency virus (HIV) status at the particular BAN study visit. The median level at each study visit is indicated by a horizontal line, and the curves are estimated using nonparametric smoothing splines.
and not with lymphocyte immune activation in the infants; microbial translocation was associated with poorer infant growth. Importantly, microbial translocation (but not immune activation) was a significant predictor of acquisition of HIV infection through breast-feeding after adjustment for covariates, suggesting that increased intestinal permeability may be one of the mechanisms of HIV infection through breast-feeding. These findings suggest that, in addition to antiretroviral prophylaxis, complementary pathways to further reduce HIV transmission through breast-feeding can be based on enhancing intestinal mucosal integrity. Such approaches may include promotion of more-prolonged breast-feeding and implementation of appropriate interventions, including vaccination (eg, rotavirus vaccine), hygiene-improvement activities (eg, water sanitation programs), and, perhaps, supplementation with probiotic or other preparations for infants receiving antibiotics, to minimize gastrointestinal infections.
Notes
